Determining fluvial sediment virtual velocity on the Mojave River
A b s t r a c t 12 The Mojave River of Southern California was chosen as a field site to investigate the 13 applicability of luminescence dating to sediment transport rate problems. can be used to constrain the sediment transport rate for this river by building a model of 25 growth and bleach for each temperature increment. A bleaching experiment was run with 26 multiple aliquot samples for direct sunlight exposure times of 0, 10, 30, 300, 1000, 3000, 27 10,000, and 30,000 s. The MET-pIRIR procedure was applied at each temperature increment for 28 each exposure time aliquot and the results for all exposure times were fit to the general order 29 kinetics equation using a non-linear regression. The bleaching parameters were used in 30 conjunction with the SAR growth curves to build a model of partial bleaching of grains during 31 transport that is fitted with a c2 test to the pIRIR data from the Mojave River. The rate of fine sand (0.125 mm < d < 0.250 mm) transport has been the subject of 45 numerous theoretical studies and has implications for hillslope processes, denudation rates of 46 mountain ranges, and basin analysis (Howard et al., 1994; Paola, 2000) . Despite robust theory 47 on the subject, there are few methods to measure fine sand fluvial transport in natural rivers 48 (Milan and Large, 2014) . Field studies of fine-sediment transport in streams and rivers primarily 49 utilize tracer techniques (e.g., Crickmore, 1967). The tracer produces an above-background 50 signal in individual sand grains that can be measured along a reach of a river as the sediment 51 travels downstream. Individual grains with tracer are treated as a point mass using a centroid 52 whose position over time can be converted into a virtual velocity (Milan and Large, 2014) . 53
Methods applied to larger sediment sizes, such as gravels and pebbles, include painting 54 individual stones (Church and Hassan, 1992) and passive-integrated transponder (PIV) tags 55 (Lamarre et al., 2005) . Both of these methods are impractical for fine sand-sized particles, 56 especially in large river systems. Methods that have been applied to fine sand include coating 57 grains with fluorescent dyes (Rathburn and Kennedy, 1978) and enhancement of magnetic 58 susceptibility of iron coatings on sand grains (Milan and Large, 2014) . These methods have been 59 successful in small rivers and streams, but application at the catchment scale or to large rivers 60 would be time consuming and difficult to implement. 61
We propose to use natural luminescence of K-feldspar grains from samples along the 62
Mojave River to estimate a virtual velocity of fine sediment transport. The geography of the 63
Mojave River and the sample sites for this project are shown in Figure 1 . Our method is not a 64 65 sediment (water flow) changes the luminescence signal we are measuring. Therefore, we create 66 a simple forward model to explain how we expect the Infrared Stimulated Luminescence (IRSL)  67 signal of fine sediment to change during water flow events. Future work will address the 68 inverse problem of determining a virtual velocity for fine sediment in a more mathematically 69 rigorous fashion. 70
Luminescence dating has proved a useful tool in geomorphology to date deposits of 71 sediment and to understand the context of the events that created the deposits (e.g., Stokes, 72 1999; Rittenour, 2008) . Prior research has shown that sensitivity of quartz grains changes in 73 response to fluvial transport (Pietsch et al., 2008) , and that quartz luminescence intensity 74 changes in response to tributary inputs into large river systems (Stokes et al., 2001 ). We 75 observe a roughly exponential decrease in multiple elevated temperature post-IR IRSL (MET-76 pIRIR) signals as a function of distance downriver, and propose that this result is a consequence 77 of cycles of transport (signal bleaching) and deposition (signal growth) (Figure 2 ). This study 78 explores how these preliminary results may be used to estimate sediment virtual velocity, 79 defined as the distance travelled by the centroid of a group of individual grains ( Figure 3 ) 80 divided by the time interval between measurement locations (Milan and Large, 2014 Samples were collected from eight locations along the Mojave River (Figure 1 ). Sample 113 locations were taken over a range of 156km, from the Forks to the Afton Canyon campsite. In 114 several cases, long stretches of the river (i.e., >50 km) were inaccessible due to private 115 property. Sample sites were selected in dry channel bar deposits, to ensure that the grains were 116 last transported by water rather than wind. In order to reduce the recent effects of 117 bioturbation, only samples with clear bedding structures were chosen. At each site, a hole was 118 dug 0.3 to 0.5 m deep and an opaque 3-cm-diameter tube was pushed horizontally into the 119 freshly cleaned wall of the hole. The tubes were capped and placed in a light protective bag. 120
Location was recorded using a handheld GPS (GARMIN GPSmap78s). Samples were labeled 121 according to the order of their collection. In the lab they were given numbers J0260-J0267 122 ( Figure 1 ). 123
Samples were opened under controlled lighting conditions. The material from both ends 124 of the tube was removed. The remaining material from the middle of the tube was separated 125 by wet sieving into the desired grain size fractions. For mineralogical isolation, the grain size 126 fraction 175-200 µm was chosen for each sample except J0263, for which the 200-250 µm sieve 127 fraction was chosen due to lack of material in the desired size range. The samples were treated 128 with HCl to remove carbonates. Density separation was performed using lithium metatungstate 129 diluted to a density of 2.58 g/cm 3 . For each sample, the denser material (mostly quartz) was 130 frozen in a liquid nitrogen bath and the floating feldspar grains were poured off. We have modified the general order kinetics equation to include a residual term (R in Equation  172 1), which represents low intensity IRSL after long sunlight exposure time. 173
The sample from Barstow (JO265) was chosen as representative due to a lack of 174 material from other sample sites. A total of 24 discs with 2-3 mm diameter monolayer grains 175 were adhered (using silicon oil), to 1 cm diameter aluminum discs. In sets of three, the discs 176 were exposed to direct sunlight at the University of California, Los Angeles for different 177 amounts of time. The exposure times were 0, 10, 30, 300, 1000, 3000, 10000, 30000 seconds. 178
Luminescence measurements were made using the MET-pIRIR procedure (see Table 1 ). The 179 resulting data were fit to the general order kinetics equation using the Levenberg-Marquardt 180 algorithm, subject to the constraint 1<p<2 in Equation In general, the equivalent dose of modern channel samples (J0262, J0263, J0267, J0266 and 198 J0265) decreases downriver for each MET-pIRIR measurement (Figures 1, 2) . Furthermore, the results from our bleaching experiment can explain, to first order, the 213 downriver trend of MET-pIRIR measurements as a consequence of different bleaching rates due 214 to sunlight exposure during transport. We construct a simple, first-order forward model of MET-pIRIR signal response to cycles of 244 bleaching and growth, simulating how the luminescence characteristics of grains would respond 245 to transport and deposition on the Mojave River. This forward model attempts to reproduce 246 the MET-pIRIR data collected in the field by imagining a mass of sand in the Mojave River 247 beginning at the headwaters (simulated time = 0), and travelling downriver from the 248 headwaters (Sample J0262) to Barstow (Sample J0265) (Figure 1; Figure 3 ). The grains are 249 assumed to come from bedrock with infinite age (signal at saturation) just upstream from our 250 headwater sample site (Figure 1 ). 251
The model reproduces MET-pIRIR signals after a series of hypothetical floods, the frequency 252 of which is roughly estimated to be 10 years. (We vary this parameter from 1 to 100 years in 253 iterative runs of the model). The general order kinetics equation (Equation 1), using parameters 254 shown in Table 2 , represents bleaching during transport or deposition (if grains rest on the 255 surface layer) and the dose response curve derived from Riso Analyst represents signal growth 256 during burial (Figure 3 ). Specific steps in the algorithm for the model are shown in Appendix. 257
The pIRIR data from the Mojave River is fit to the model outputs using the assumption that 258 each sample site in space represents a point in time for our hypothetical average sand travelling 259 down the river. This forward model approximates "every flood," meaning that once the best fit 260 is calculated, the number of floods between each data point times the interval between each 261 flood is the amount of time it took for the samples to travel from one site to the next. We 262 ignore the minor contribution of the time average sand grains spent in transport (on the order 263 of days) since the total amount of time is dominated by deposition (on the order of years). We 264 acknowledge that this method is heavily dependent on accurate flood frequency modeling, 265 which is difficult to achieve at the resolution required. The model calculates MET-pIRIR values for a bleach and growth pair (representing one 292 transport, deposition and burial event) iteratively and checks how close each iteration output is 293 to the observed Mojave River data using a best fit. Since the distance between samples is 294 known, the solution space within a critical value provides upper and lower bounds on 295 sediment virtual velocity for the river. The model implements a best fit to the data using 296 A list of chi squared terms is calculated for each model generated point and the 303 minimum is found simply by searching the list for the lowest value (for a description of the 304 algorithm, see Appendix). A simulated time from the lowest chi squared model point is assigned 305 to each sample location. The root mean square of all minimum chi squared is the output that is 306 plotted on the map ( Figure 5 ). Robust error calculations were not carried out for this 307 analysis (there is error on the bleach parameters for each signal and each dose response curve 308 in addition to error in the natural IRSL intensity). The critical value is 7.78, for 0.1 level of 309 significance and four degrees of freedom. The results of the test are plotted as contour maps in 310 a grid of the growth periods (flood intervals) and bleach times that we tested with the model, 311 as shown in Figure 5 . Model runs that are within the tolerance can be forward modelled, which 318 graphically outputs model generated points for comparison with measured data points ( Figure  319 6). The forward model is in the space of IRSL signal as a function of simulated time in years, 320
where t = 0 is a hypothetical sample at the first sampling location (Figure 3, Figure 6 ). This 321 allows us to solve for the amount of simulated time passed between the headwaters sample 322 J0262 and samples downriver (see Figure 1) . The least amount of simulated time output by the 323 model is 20 years and the maximum amount of time passed is 7500 years. 324
The time interval range is too large to describe sediment virtual velocity. However, we 325 can use other information to help constrain the problem further. Based on hydrologic data over 326 the last century, the Mojave River flows continuously from the headwaters to Barstow (sample 327 J0265, Figure 1 Table Captions  565  566  Table 1 : The MET-pIRIR protocol used in this study, after Fu and Li, 2013. 567 Table 2 : The results for fitted parameters of Equation 1 for each MET-pIRIR. Parameter a has 568 units of s -1 , p is unitless and R is arbitrary units of IRSL intensity. 569 570 Table 1  571 Step Measurement 
